ABSTRACT. To analyze the miRNA expression profiles in Lawsonia intracellularis-infected porcine intestines, infected pigs were first identified using PCR (Polymerase Chain Reaction). Then, RNA from infected intestines and control tissues were isolated and subjected to microarray analysis and RT-PCR. Results showed that a total of 83 miRNAs were differentially expressed between the infected samples and controls, out of which 53 were upregulated and 30 were downregulated. Validation using RT-PCR showed a high degree of confidence for the obtained data. Using the current miRBase release 21.0, nine groups of miRNAs were located in the same cluster, and three groups of miRNAs were found to belong to the same family. Interestingly, except for ssc-miR-10a-5p, all clustered miRNAs and the family members exhibited the same expression patterns. Pathway analysis of the putative gene targets of the differentially expressed miRNAs showed that they were involved in the immune response, amino acid metabolism and cell communication/growth/ motility. Thus, the results indicate that altered miRNA expression profiles can affect immunity, metabolism and cellular processes.
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Examination of intestinal samples
Feces and intestinal mucosa samples of pigs with diarrhea in herds were collected for DNA extraction. Next, infection with L. intracellularis was detected using PCR following the method of Suh et al. [22] . Briefly, PCR was routinely carried out using the species-specific primer pair (sense: 5′-GCAGCACTTGCAAACAATAAACT-3′ and anti-sense: 5′-TTCTCCTTTCTCATGTCCCATAA-3′). Positive intestinal samples yielded an L. intracellularis-specific PCR product of approximately 210 bp. Fecal samples from pigs without diarrhea were also collected and used as negative controls. All negative controls showed no PCR amplification.
All samples were also tested for infection with porcine epidemic diarrhea virus, transmissible gastroenteritis virus, porcine rotavirus and porcine circovirus type 2 using PCR (Table 1) .
Sample preparation and RNA extraction
All samples tested negative for porcine epidemic diarrhea virus, transmissible gastroenteritis virus, porcine rotavirus and porcine circovirus type 2. Four 50-day-old L. intracellularis-infected DLY (Duroc × Landrace × Yorkshire) pigs and four control pigs were slaughtered in a legal slaughterhouse. Ileum tissues were collected within 30 min and immediately frozen in liquid nitrogen to preserve RNA quality. Total RNA was extracted from each sample using Trizol (Invitrogen, Carlsbad, CA, U.S.A.) reagent and mixed at equimolar amounts (four infected samples mixed together and four control samples mixed together). The quality of the mixed RNA was examined via 1.5% agarose gel electrophoresis and analyzed with BioPhotometer 6131 (Eppendorf, Hamburg, Germany).
Microarray assay with miRNA chips
miRNA expression was assessed using a GeneChip ® miRNA 4.0 Array (Affymetrix, Santa Clara, CA, U.S.A.). Briefly, total RNA was purified using mirVana™ miRNA Isolation Kit (Affymetrix), after which poly (A) tails were added to the resulting small RNA samples. Biotin-labeled 3DNA ® (Affymetrix) was ligated to the poly (A)-tailed RNA and hybridized to the microarray. Hybridization was performed at 48°C with rotation for 16 hr in the GeneChip Hybridization Oven 640 (Affymetrix). GeneChip arrays were washed and stained with streptavidin-phycoerythrin on an Affymetrix Fluidics Station 450 (Affymetrix) and subsequently scanned on a GeneChip Scanner 3000 (Affymetrix).
Data processing and analysis
Microarray data were analyzed to identify differentially expressed miRNAs. miRNAs were defined as upregulated and downregulated when the miRNA expression fold change relative to control samples was ≥2 at P-value <0.05. Cluster analysis of differentially expressed miRNAs was performed with the Gene Cluster 3.0 software by average linkage of hierarchical cluster analysis. Gene family and clustered miRNAs were analyzed based on the miRBase 21 release (http://www.mirbase.org/). miRNA target genes were predicted using the online software RNAhybrid [18] . Functional annotation of putative target genes was performed using Kyoto Encyclopedia of Genes and Genomes (KEGG) and Molecule Annotation System Mas 3.0 (http://bioinfo. capitalbio.com/mas3/).
Real-time quantification of miRNAs using stem-loop RT-PCR
Stem-loop RT-PCR was performed as previously described [2] . Briefly, 1 µg of total RNA was reverse-transcribed into cDNA using the M-MLV reverse transcriptase (Promega, Madison, WI, U.S.A.) with specific stem-loop primers. Quantitative real-time PCR (qRT-PCR) was performed following standard protocols on a STRATAGENE Mx3005P sequence detection system. All reactions were run in duplicates, and a negative control without template was included for each gene. The Ct value was recorded for each reaction, and the amount of each miRNA relative to that of U6 RNA was described using the expression 2 -(CtmiRNACtU6RNA) . Primers were designed based on the sequenced miRNA using Premier 5.0.
Statistical analysis
Results are presented as mean ± SEM. Data were evaluated using Student's t-test, and differences between groups were considered statistically significant at P<0.05. All statistical analyses were performed using SPSS 17.0 software. 
RESULTS

Analysis of L. intracellularis-infected pig intestines
Out of all pigs that tested positive for L. intracellularis, four were slaughtered, and the ileum mucosa of each sample was collected and subjected to DNA extraction and PCR analysis. Intestines infected with L. intracellularis showed hyperplasia in the mucosal epithelia, one of which had an inconspicuous bleeding point. Accordingly, mucosal samples from the four L. intracellularis-positive pigs showed amplification of the 210-bp band, whereas samples from the four negative pigs showed no amplification ( Fig. 1 ).
Differential expression of microRNAs between infected and normal intestinal tissues
To investigate miRNA expression profiles in L. intracellularis-infected intestines, total RNA of four infected samples and four control samples were extracted separately and mixed at equimolar amounts. miRNA microarray analyses were then performed after checking that the RNAs were completed. A total of 327 miRNAs were assessed, out of which 83 miRNAs showed significantly differential expression between the infected samples and the control. Out of 83 differentially expressed miRNAs, 53 were upregulated (Table 2) , and 30 were downregulated (Table 3) . Among the upregulated miRNAs, ssc-miR-486 (25.4-fold increase), ssc-miR-500 (14.3-fold increase) and ssc-miR-127 (12.3-fold increase) showed the most dramatic changes in expression levels. On the other hand, ssc-miR-215 (49.4-fold decrease), ssc-miR-194b-5p (32-fold decrease) and ssc-miR-122 (29.8-fold decrease) were the most downregulated miRNAs.
Based on the observed changes in expression patterns in these 83 miRNAs, a heat map was generated to distinguish the miRNA expression profiles between infected and normal intestinal tissues (Fig. 2) .
Chromosomal localization
All differentially expressed miRNAs were mapped to pig chromosomes (sscorfa9) based on the sequence of the precursors of mature miRNAs. Consequently, 72 of the 83 miRNAs were mapped to 18 different pig chromosomes ( Fig. 3 and Table S1 ), whereas 11 miRNAs did not map to any of the chromosomes in the available databases. Nine miRNAs had two copies in the genome, and 5 miRNAs were located in two different chromosomes.
miRNA expression analysis
Nine groups of miRNAs were clustered together based on microarray data. Among them, six groups consisted of two miRNAs, two groups consisted of three miRNAs, and one group comprised four miRNAs. Most miRNAs in the same cluster were located very close to each other, and several miRNAs were even located within 100 bp of each other. Interestingly, miRNAs from the same cluster also exhibited the same expression patterns, indicating synergistic effects in the regulation of the physiological functions of the intestine (Table 4) .
Additionally, several differentially expressed miRNAs belonged to the same gene family. Members of the miR-148 family were both upregulated, whereas miR-17 family members were all downregulated. Six of the miR-10 family members were upregulated in the infected tissues, except for ssc-miR-10a-5p (Table 5) .
Verification differential microRNA expression using stem-loop RT-PCR
Microarray results were validated via qRT-PCR analysis. Expression levels of eight differentially expressed miRNAs derived from microarray analysis were randomly selected and compared with results from qRT-PCR analysis. All the examined miRNAs, except for ssc-miR-192, showed the same expression patterns. In infected tissues, ssc-miR-125b, ssc-miR-143-3p, ssc-miR-181a and ssc-miR-214 were upregulated, whereas ssc-miR-194b, ssc-miR-215 and ssc-miR-342 were downregulated (Fig. 4) .
Prediction of target genes
Putative miRNA targets were analyzed using RNAhybrid, and 486 differentially expressed target genes were identified as negatively regulated by the 83 miRNAs isolated in the present study. KEGG pathway enrichment analysis showed that these predicted targets are involved in 44 pathways ( Table 6 ) that are classified under Immunity (e.g., Leukocyte Transendothelial Migration), Cellular processes (e.g., Focal adhesion, Apoptosis and regulation of the Actin cytoskeleton), Signaling molecules and interaction (e.g., Cytokine-cytokine receptor interaction), Amino acid metabolism (e.g. Arginine and proline metabolism), Signal transduction (e.g., MAPK signaling pathway) and other related pathways. ssc-miR-30e-5p
DISCUSSION
The pig (Sus scrofa) is a suitable model for biomedical studies [16] , and research on porcine biological systems is relevant to the large-scale production industry. In this study, we analyzed the expression of miRNAs in L. intracellularis-infected porcine intestines and identified several miRNAs that are potentially involved in PPE. In this study, 53 out of the 327 miRNAs analyzed were upregulated in the infected intestines compared with normal tissues, and 30 miRNAs were downregulated. Among them, differential expression of eight randomly selected miRNAs was verified via qRT-PCR. Most of the qRT-PCR validation results were consistent with microarray data, indicating that PPE infection alters the expression of multiple miRNAs. Strong expression of miR-127 is associated with cell growth. Various studies have demonstrated that miR-127 inhibits cell proliferation by targeting various genes, such as p65 [8] , Sept7 [30] , Ski [12] and Setd8 [28] . Upregulation of miR-451 also suppressed cell proliferation [25] [26] [27] . Surprisingly, miR-127 and miR-451 were both in the top five miRNAs that were upregulated in the infected tissues, which exhibit thickening of the intestinal mucosa and proliferation of enterocyte. Upregulation of these two miRNAs can be caused by changes in the intestinal mucosa brought about by PPE infection. miR-127 and miR-451 were observed to act as tumor suppressors, suppressing cell proliferation in a carcinoma cell line. Thus, miR-127 and miR-451 can suppress cell proliferation in the ileum to prevent uncontrolled proliferation.
Based on previous reports, ssc-mir-146b showed the largest difference in expression between weaning piglets and suckling piglets. ssc-mir-146b showed higher expression in intestinal tissues of weaning piglets at days 4 and 7, whereas ssc-miR-215 showed higher upregulation in suckling piglets [23] . In the present study, ssc-mir-146b expression increased by 7.5-fold in infected intestine samples, and ssc-miR-215 showed higher levels in the control pigs, indicating the importance of these two miRNAs in intestinal function. Previous studies demonstrated that miR-146a/b regulates intestinal epithelial cell differentiation and the mucosal immune response by mediating the interleukin 1 receptor-associated kinase and transforming growth factor-β signaling pathways via negative feedback regulation [1, 15] . ssc-mir-146b and ssc-miR-215 have been suggested to negatively regulate epithelial cell differentiation.
miRNAs located within 10 kb of another miRNA belonged to the same cluster, suggesting expression from the same primary miRNA transcript (pri-miRNA). We identified nine groups of miRNAs that were located in the same cluster, most of which were found within several dozen bp of each other. Additionally, all clustered miRNAs tended to exhibit coordinated expression patterns, consistent with the results of Ruvkun et al. [19] . Our results suggest that the miRNAs in the same cluster have similar functions in the regulation of the intestine or may co-regulate target genes. Moreover, although genes from the same family always possess complementary action and may be involved in the same biological processes, some members of the same family exhibit different expression patterns. The expression patterns and regulatory mechanisms of the different members may have diverged during evolution [3] . In our study, ssc-miR-10a-5p was downregulated in infected tissues, while all other members of the miR-10 family were upregulated. miR-10a-5p was reported to suppress the expression of pro-inflammatory factors in the ileum [29] . Thus, downregulation of ssc-miR-10a-5p in infected intestines may result from an increase in the expression of pro-inflammatory factors. Hoeke et al. [7] showed that Salmonella infections caused downregulation of caveolin-2 and upregulation of miR-29a in the intestine and verified caveolin-2 as the target of miR-29a. Additionally, caveolin-2 knockdown leads to suppressed proliferation of intestinal epithelial cells. In our study, miR-29b and miR-29c were found to be downregulated in the L. intracellularis-infected intestines. Bioinformatics prediction showed that caveolin-2 is a target of miR-29a/b/c, which can explain why miR-29b/c showed contrasting fold changes. In addition, miR-29b was reported to suppress cell proliferation in several cell lines [11, 13] , suggesting that miR-29b/c is associated with cell proliferation in infected intestines.
Infection with L. intracellularis also alters the expression of genes involved in cell transport and the maintenance of mucosal integrity [21] . Oh et al. reported that genes involved in cell cycle, cell differentiation and cell structure were differentially expressed in infected mice [17] . Interestingly, we found that some of the differentially expressed genes were targets of the differentially expressed miRNAs. For example, Fbxo39, Syvn1 and sesn2 were upregulated in infected samples and are predicted to be targets of miR-20a, miR-155 and miR-122, which were downregulated in our study. By contrast, miR-424, miR-199a/b and miR-124 were upregulated in infected samples, and their corresponding target genes, namely, SLC6A4, S100G and Grb2, were all downregulated.
By analyzing the predicted targets of differentially expressed miRNA using KEGG pathway enrichment analysis, we found that most target genes were enriched in genes categorized under immune system, signaling molecules and interaction, and amino acid metabolism due to L. intracellularis infection. L. intracellularis stimulates proliferation of enterocytes in the intestine and results in hyperplasia, which in turn interferes with nutrient absorption. Target genes of the altered miRNAs were enriched in genes involved in leukocyte transendothelial migration, cytokine-cytokine receptor interaction, MAPK signaling pathway, and arginine and proline metabolism. Future studies will focus on the miRNAs that regulate cell proliferation, target genes of the MAPK signaling pathway and the actin cytoskeleton.
In summary, we identified 83 miRNAs that were differentially expressed between the L. intracellularis-infected intestines and control tissues. Among them, several miRNAs were located on the same chromosome or belonged to the same miRNA family. These groups of miRNAs all showed the same expression patterns (except for one). The altered miRNA expression patterns may 
